IN GENERAL, THE METABOLISM, uptake, and excretion of iron in the body are strictly regulated (1, 7, 33) . The majority of iron in the body is contained in erythrocytes as a component of hemoglobin and circulates throughout the whole body to allow vital biological processes. Most of the other iron is stored in the spleen and liver as a component of iron-containing enzymes such as cytochrome P-450. However, the presence of free iron and deposition of iron in cells often occurs under some pathological conditions, triggering oxidative stress and inflammation (4, 24, 30) . For instance, hemochromatosis and iron-overload due to the excessive intake of iron-containing medicine and supplements frequently induce liver cell damage and, in some cases, cirrhosis (2, 31) .
It has been shown that the deposition of iron occurs frequently in some liver diseases, including viral hepatitis (3, 6) , alcoholic liver injury (5, 38) , and nonalcoholic steatohepatitis (NASH) (8, 36) . Iron reduction by phlebotomy reduced mean serum alanine transaminase (ALT) activity and induced disappearance of iron deposits in the liver in chronic active hepatitis C patients (9, 13) . Thus, iron is considered to play a role in the onset of liver cell damage. Free iron induces the production of proinflammatory and fibrogenic mediators such as TNF-␣ and transforming growth factor ␤ (TGF-␤) and nuclear factor-B (NF-B) activation in hepatic macrophages (17, 35, 39) . Recently, we showed that the phagocytosis of erythrocytes by hepatic macrophages results in the deposition of iron derived from hemoglobin in the liver and contributes to the pathogenesis of NASH in a rabbit model (29) . In that study, we clearly showed that iron reduction by phlebotomy lowers iron deposition in the liver and spleen and attenuates the progression of liver fibrosis.
Free metal ions are known to be important for the production of free radicals, among which iron is most potent in vivo (24, 30) . The generated free radicals induce lipid peroxidation, DNA breakage, and 8-hydroxy-2Ј-deoxyguanosine (8-OHdG) formation, resulting in tissue damage and DNA mutagenesis (11, 18, 37) . Although it has been clarified that iron overload may be associated with hepatitis, cirrhosis, or liver cancer, it is still unclear whether an iron-restricted diet has protective effects against acute liver injury and fibrosis. We have postulated that hepatic iron depletion contributes to the attenuation of liver injury caused in rats by the administration of the hepatotoxin thioacetamide (TAA).
Herein, we showed that iron depletion has the potential to attenuate acute liver damage and fibrosis in rats induced by TAA and ligation of the common bile duct. Analysis of this mechanism revealed that iron depletion hampers oxidative stress, inflammation, and hepatic stellate cell activation, resulting in the inhibition of liver fibrosis.
MATERIALS AND METHODS
Animals. Pathogen-free male Wistar rats were obtained from SLC (Shizuoka, Japan). Animals were housed at a constant temperature and supplied with laboratory chow and water ad libitum. The experimental protocol was approved by the Animal Research Committee of Osaka City University (Guide for Animal Experiments, Osaka City University).
Animal models. Rats weighing 200 to 230 g were fed a control diet (CD; n ϭ 5) or an iron-deficient diet (ID; n ϭ 5; Oriental Yeast, Tokyo, Japan) for 4 wk. The contents of the CD and ID are shown in Table 1 . Successively, the rats were intraperitoneally administered TAA (100 mg/body wt; Wako, Osaka, Japan) to produce an acute liver failure model. Rats were killed to excise the liver at 48 h after TAA administration. Alternatively, the survival of rats with acute liver failure induced by TAA administration (60 mg/body wt) was observed in CD (n ϭ 15) and ID (n ϭ 15) groups until 4 days.
As a liver fibrosis model, rats were supplied with CD (n ϭ 5) or ID (n ϭ 5) for 4 wk and successively intraperitoneally administrated with TAA (50 mg/body wt) twice a week for 6 wk (26) .
Preparation of hepatic stellate cells. Hepatic stellate cells were isolated from male Wistar rats, as previously described (20) . Isolated stellate cells were cultured on plastic dishes in DMEM containing 10% FCS and antibiotics (DMEM/FCS). On day 2 of primary culture, the medium was replaced by DMEM/FCS with or without test agents, and the culture was continued for another 3 days. Then, the cells were prepared for morphological observation, immunoblotting, immunostaining, and a thymidine-incorporation assay.
Determination of serum concentrations of iron, aspartate aminotransferase, alanine aminotransferase, and lipid peroxide. Blood was collected from the inferior vena cava and centrifuged at 3,000 rpm for 10 min at room temperature. Serum concentrations of iron, aspartate aminotransferase (AST), ALT, and lipid peroxide (LPO) were measured at Special Reference Laboratories (SRL; Osaka, Japan).
Determination of hepatic iron and LPO. The liver of each animal was perfused via the portal vein with PBS to remove the blood. The hepatic free iron concentration and LPO were measured at SRL. The free iron concentration in the liver was measured by Nitroso-PSAP method.
Histochemical and immunohistochemical staining. The liver of each animal was perfused through the portal vein with PBS to remove the blood and then fixed with 4% paraformaldehyde or Bouin's fluid. The liver tissues were embedded, cut into 5-mthick sections, and then underwent hematoxylin and eosin and Sirius red staining, as described previously (19) . Immunostaining using monoclonal antibodies against 8-OHdG (Japan Institute for the Control of Aging (JaICA), Shizuoka, Japan) and smooth muscle ␣-actin (␣SMA; Sigma Chemical, St. Louis, MO) was performed according to the methods described previously (29) .
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling staining. For the detection of apoptosis, paraffin sections were stained by the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) technique using an in situ apoptosis detection kit (Takara, Shiga, Japan), according to the manufacturer's instructions.
Determination of caspase-3 and -8 activities. Caspase-3 and -8 activities were determined using the caspase-3 and -8 colorimetric assay kits (Biovision, Mountain View, CA), respectively, as previously described (25) according to the manufacturer's recommendation.
Immunoblotting. Protein samples (10 g) were subjected to SDS-PAGE, and then transferred onto Immobilon P membranes (Millipore, Bedford, MA) (22) . After blocking, the membranes were treated with primary antibodies against 4-hydroxy-2-nonenal (4-HNE; JaICA), platelet-derived growth factor receptor ␤ (PDGFR␤, Santa Cruz Biotechnology, Santa Cruz, CA), ␣SMA, ERK1/2 (Cell Signaling Technology, Beverly, MA), phospho-ERK1/2 (Thr 202 /Tyr 204 ) (Cell Signaling Technology), Akt (Cell Signaling Technology), and phosphoAkt (Ser 473 ) (Cell Signaling Technology), and then were incubated with peroxidase-conjugated secondary antibodies. Immunoreactive bands were visualized using the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK) and with an LAS 1000 (Fuji Photo Film, Kanagawa, Japan). The density of bands was analyzed using a Bio-Rad GS-700 densitometer (Bio-Rad, Hercules, CA).
Real-time RT-PCR. Total RNAs for the RT-PCR were extracted from the livers using the RNeasy total RNA system (Qiagen, Hilden, Germany). cDNAs were synthesized using 1 g of total RNA, ReverTra Ace (Toyobo, Osaka, Japan), and Oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer according to the manufacturer's instructions. The expression levels of genes were measured by real-time RT-PCR using the cDNAs, real-time PCR master mix (Toyobo), and a set of genespecific oligonucleotide primers and the TaqMan probe listed in Table 2 .
[ 3 H]Thymidine-incorporation assay. Isolated stellate cells were cultured on plastic dishes for 2 days in DMEM/FCS. The medium was then replaced by DMEM/FCS with or without deferoxamine (Sigma Chemical, St. Louis, MO). The culture was continued for one more day and pulse-labeled with 1.0 Ci/ml [ 3 H]thymidine during the last 6 h. The incorporated radioactivity was subjected to liquid scintillation counting, as previously described (22) .
Statistical analysis. Data presented as bar graphs are the means Ϯ SD of at least three independent experiments. Statistical analysis was performed by Student's t-test (P Ͻ 0.01 was considered significant). Kaplan-Meier survival analysis was used for survival data obtained by the log-rank test and Wilcoxon test. The other contents, including copper and vitamins, were equilibrated. Table 2 . List of primer sequences
␣SMA, smooth muscle ␣-actin; TGF␤1, transforming growth factor ␤1; PDGFR␤, platelet-derived growth factor receptor ␤; MCP-1, monocyte chemotactic protein-1; COL1A2, collagen1A2; TIMP-2, tissue inhibitor of matrix metalloproteinase-2 (MMP-2). 
RESULTS

Suppression of acute liver injury by an iron-deficient diet.
The iron-deficient diet significantly reduced the content of iron in the liver (CD: 12.7 Ϯ 0.6 g/100 mg vs. ID: 1.3 Ϯ 0.6 g/100 mg) and the serum (CD: 175.0 Ϯ 5.0 g/dl vs. ID: 72.3 Ϯ 3.7 g/dl), as shown in Fig. 1A . Single-shot TAA (100 mg/body wt)-induced hepatocyte damage indicated by serum levels of AST and ALT were clearly reduced in the ID group (Fig. 1B) . Alternatively, observation of the survival of rats with acute liver failure induced by daily TAA administration (60 mg/body wt) indicated that all CD-fed rats died within 3 days after starting TAA administration, whereas 87% of ID-fed rats survived until 4 days of TAA (Fig. 1C) .
Decrease of hepatocyte apoptosis by iron-deficient diet.
In the acute liver injury model, hepatocyte injury was observed around the central vein in the CD group ( Fig. 2A) , while lipid degeneration was observed in a few hepatocytes in the ID group (Fig. 2B) . TUNEL-positive cells were rare in the ID group compared with the CD group (Fig. 2, C and D) . Activities of both caspase-3 and -8 in liver homogenates were lower in the ID group (Fig. 2E) .
Decrease of oxidative stress by iron-deficient diet. Acute liver injury caused oxidative DNA damage in hepatocytes, as revealed by the appearance of 8-OHdG in the nuclei (Fig. 3A) . 8-OHdG-positive hepatocytes were abundant in the CD group, whereas they were scarce in the ID group (Fig. 3B) . Alterna- Fig. 1 . Effect of iron-deficient diet on acute liver injury. A: free iron levels in the serum and liver. Significant differences in the levels of free iron were found in both serum and liver between the control diet (CD; n ϭ 5) and the iron-deficient diet (ID; n ϭ 5) rats. *P Ͻ 0.01. B: levels of aspartate aminotransferase (AST; left) and alanine transaminase (ALT; right) in serum at 48 h after thioacetamide (TAA) administration (100 mg/body). Significant differences were found in the levels of both AST and ALT between CD (n ϭ 5) and ID (n ϭ 5) rats. *P Ͻ 0.01. C: survival curves in the TAA-induced acute liver failure model. Rats were fed CD or ID for 4 wk. Successively, TAA (60 mg/body) was administrated to the rats every day. Survival was observed until 4 days after starting TAA administration. *P Ͻ 0.01. tively, expression of 4-HNE, an a, b-unsaturated hydroxyalkene, which is produced by lipid peroxidation in cells and is one of the oxidative products, was clearly decreased in the liver homogenate of the ID group, as revealed by Western blot analysis (Fig. 3C ). In addition, LPO, an oxidative degradation product of polyunsaturated fatty acids, was significantly reduced both in the serum and liver by ID administration (Fig. 3D) .
Changes in mRNA expression of inflammatory and fibrogenetic genes in acute liver injury. Quantitative RT-PCR analyses revealed that the expressions of inflammatory genes such as IL-1␤, monocyte chemotactic protein-1 (MCP-1), IL-6, and TNF-␣ were all significantly suppressed in the ID group. Expressions of mRNAs of TGF-␤1, PDGFR␤, tissue inhibitor of matrix metalloproteinase-2 (TIMP-2), and matrix metalloproteinase-2 (MMP-2) were also significantly reduced in the ID group, although mRNA expressions of smooth muscle ␣-actin and collagen 1A2, which are markers of the activation of stellate cells, were not significantly changed (Fig. 4) .
Effect of iron-deficient diet on liver fibrosis induced by TAA. Next, the effect of an iron-deficient diet on liver fibrosis induced by the repetitive injection of TAA into rats was examined. As shown in Fig. 5A , a macroscopic view of the liver of a CD-fed rat injected with TAA (100 mg/body wt, twice a week) for 6 wk showed a nodular surface, indicative of liver cirrhosis. In contrast, liver surfaces were smooth and nearly intact in the ID-fed group (Fig. 5B) . Sirius Red staining of the liver revealed the development of micronodules and macronodules surrounded by collagen fibers in the CD group (Fig. 5C) , while in the ID group, faint fibrosis was seen only around the central veins (Fig. 5D ). Immunohistochemistry also indicated that ␣SMA-positive myofibroblasts were abundant in the CD group, while they were scarce in the ID group (Fig. 5 , Note that TUNEL-positive cells (arrows) are abundant in the CD group, whereas they are scarce in the ID group. E: activity of caspases in the liver. Caspase-3 and -8 activities were determined using the Caspase-3 and -8 colorimetric assay kits, respectively. Note that activity of the caspases was significantly reduced in the ID group. *P Ͻ 0.01. Scale bars: 100 m.
E and F), clearly showing that the activation of stellate cells and myofibroblasts was inhibited in the ID group. At this stage, serum levels of AST and ALT were lower in the ID group than in the CD group (data not shown).
Changes in mRNA expression of inflammatory and fibrogenetic genes in chronic liver injury. Quantitative RT-PCR analyses revealed that the expressions of fibrosis-related genes such as ␣SMA, TGF-␤1, PDGFR␤, collagen 1A2, TIMP-2, and MMP-2 were all clearly reduced in the ID group. In contrast to the acute liver injury model, expressions of MCP-1, IL-6, and TNF-␣ were unchanged. The expression of IL-1␤ mRNA was augmented in the ID group (Fig. 6) .
Effect of iron-deficient diet on liver fibrosis induced by common bile duct ligation.
To test whether the attenuation of liver fibrosis development by ID was reproduced in another liver fibrosis model, we used a common bile duct ligation model. In this model, hepatocyte degeneration and deposition of collagen fibers were seen in the portal vein area, whose histology sharply contrasted to the fibrosis induced by TAA (Fig. 7, A and C) . As shown in Fig. 7 , B and D, hepatocyte degeneration and the deposition of collagen fibers were clearly suppressed in the ID group.
Effect of deferoxamine on stellate cell activation. The results mentioned above indicate that iron may play critical roles in the occurrence of liver fibrosis, as well as acute liver injury. Recent experimental reports have revealed that hepatic stellate cells have multiple roles in the inflammatory and fibrotic responses accompanying their own activation process. Therefore, in the last series in this study, we tested the effects of deferoxamine (C 25 H 48 N 6 O 8 ), a specific chelator of iron, otherwise known as desferrioxamine or desferal, on stellate cell function during their activation, because the removal of iron molecules from serum-containing medium is technically difficult.
As shown in Fig. 8A , a, rat stellate cells isolated and cultured for 5 days in the serum-containing medium adhered to the plastic plate and extended their cytoplasmic processes. Lipid particles, which contain vitamin A, localized around enlarged nuclei, some of which were undergoing the process of multiplication. When they were incubated in identical medium supplemented with 10 Ϫ4 M deferoxamine, they maintained the quiescent phenotype with dendritic processes and small nuclei (Fig. 8A, b) .
The expression of markers for stellate cell activation, such as PDGFR␤ and smooth muscle ␣-actin, was suppressed by deferoxamine in a dose-dependent manner, as revealed by Western blot analysis (Fig. 8B) . In fact, immunofluorescence staining of ␣SMA confirmed the results of Western blot analysis (Fig. 8C) .
Finally, deferoxamine inhibited [ 3 H]thymidine uptake by stellate cells in a dose-dependent manner (Fig. 8D) , and PDGF-BB-stimulated phosphorylation of ERK and Akt (Fig. 8E) .
DISCUSSION
The role of iron in the pathophysiology of the liver has long been studied in fields of hemochromatosis (2, 31) and alcoholic liver injury (5, 38) . Recently, an unusual accumulation of iron in the liver has also been observed in chronic hepatitis C (3, 6) and nonalcoholic steatohepatitis (8, 36) . Thus, research on iron homeostasis and dysregulation in the liver is one of the topics in the research field of hepatology. The upregulation and downregulation of hepcidin production by hepatocytes under pathological conditions regulates the absorption of iron from the small intestine, a process considered to represent the most important pathway (21, 23) . However, medicines that regulate hepcidin production Fig. 6 . Expression of inflammatory and fibrotic genes on liver fibrosis induced by TAA in CD group and ID group. Total RNAs were extracted from liver fibrosis induced by TAA in CD group (white) and ID group (gray) for realtime RT-PCR. Note that the expression of all fibrotic genes [smooth muscle ␣-actin (␣SMA), transforming growth factor ␤1 (TGF␤1), platelet-derived growth factor receptor ␤ (PDGFR␤) collagen 1A2, and tissue inhibitor of matrix metalloproteinase-2 (MMP-2) (TIMP-2)] was inhibited in the ID group. *P Ͻ 0.05; **P Ͻ 0.01. have not been discovered. Phlebotomy is a relatively safe and convenient therapy to deprive iron from the body (9, 13) . Body iron can be reduced by phlebotomy by 50 mg iron/100 ml. However, to maintain a low iron level, repeat phlebotomy is required, which is inconvenient for patients. In this regard, ironchelating therapy (15, 28) and an iron-deficient diet can replace the need for phlebotomy. In particular, the clinical use of ICL670 (deferasirox), an orally administrable Fe 3ϩ -chelator, in hepatic iron overload is now awaited (14, 16) .
To study the effectiveness of an iron-deficient diet in the attenuation of liver injuries, we tested the effect of a low iron diet on acute and chronic liver injuries induced by TAA administration. In acute liver injury, the iron-deficient diet protected rats from liver damage and failure and improved their survival (Fig. 1) . Mechanistic analyses revealed that iron depletion reduced apoptosis of hepatocytes, presumably through attenuating the activation of caspase-3 and -8 (Fig. 2) . Additionally, as expected, iron depletion suppressed 8-OHdG expression in hepatocytes, as well as the expression of 4-HNE and LPO in liver tissue, indicating the role of iron in the occurrence of oxidative stress (Fig. 3) . The accepted explanation for iron-induced oxidative stress is that it is caused by the Fenton pathway, which generates the hydroxyradical (⅐OH), a strongly reactive radical molecule (1, 7, 24, 33) . This hydroxyradical modulates DNA, proteins, sugars, and biomembranes, resulting in the damage of cellular functions (4, 24, 30) . Alternatively, it can be speculated that the hepatic iron increase, which probably takes place in the current TAA model, could explain protective role of iron-deficient diet. A previous report by Oliver et al. (27) indicated that the identical treatment itself resulted in increase of hepatic iron in metallothionein-I/II knockout mice. Thus, it may be speculated that iron levels will not be elevated to the same levels in iron-deficient rats compared with rats on a complete diet.
Hepatic stellate cells play pivotal roles in inflammatory and fibrotic processes in the liver (10, 32, 34) . In particular, in response to oxidative stress and cytokines, including TGF-␤ and PDGF-BB, they change their cellular characteristics from a vitamin A-storing phenotype to matrix-producing and smooth muscle ␣-actin-expressing phenotypes resembling myofibroblasts present in the organs (12) . The synthesis and secretion of type I collagen is upregulated, resulting in the contribution of fibrotic septum formation in the chronically inflamed liver. The activation process is triggered by oxygen free radicals, including hydrogen peroxide (H 2 O 2 ), which can be produced by the Fenton reaction of Fe 2ϩ ϩ H 2 O 2 3 Fe 3ϩ ϩ⅐HO ϩ HO Ϫ . Thus, free iron may induce the activation of stellate cells, indicating that iron removal or a reduction in its content in and around stellate cells may attenuate the progression of liver fibrosis. In 3 H]thymidine incorporation assay. Note that deferoxamine suppressed DNA synthesis of stellate cells in a dose-dependent manner. E: effect of deferoxamine on PDGF-BB-stimulated activation of ERK and Akt pathways. Stellate cells were cultured for 5 days in the presence or absence of deferoxamine. Then, they were stimulated with PDGF-BB (20 ng/ml) for 10 min. Harvested cells were subjected to Western blot analysis to detect phospho-ERK, total ERK, phospho-Akt, and total Akt. Note that deferoxamine suppressed the phosphorylation of ERK and Akt in a dose-dependent manner.
fact, rats receiving the iron-deficient diet showed marked attenuation of the progression of liver fibrosis (Fig. 5) . This is considered to have resulted from the reduction of hepatocyte damage and by the inhibition of stellate cell activation. This assumption may be supported by the results obtained using deferoxamin, showing that iron chelation inhibited the expression of PDGFR␤ and ␣SMA, their proliferation, and PDGF-BB-dependent signal cascades such as ERK and Akt (Fig. 8) .
The role of Kupffer cells in the attenuation of liver damage by an iron-deficient diet should also be considered. Iron has been reported as a critical factor for the regulation of Kupffer cell activation with respect to alcoholic liver disease (35, 39) . Ionic iron (Fe 2ϩ ) is reported to activate NF-B, resulting in the enhanced production of TNF-␣ (35, 39) . In this study, we observed the reduction of mRNA expression via iron-deficient diet administration of IL-1␤, MCP-1, IL-6, and TNF-␣, all of which are NF-B-dependent genes (Fig. 4) . Although we did not determine the free iron content in Kupffer cells, reduction of the iron content in the liver hampers NF-B and inflammatory gene expression.
Perspectives and Significance
An iron-deficient diet is effective in reducing hepatocyte damage in the acute liver injury model and in the attenuation of liver fibrosis in the chronic model. Attenuation of hepatocyte apoptosis is considered to be caused by the reduction of oxidative stress and decrease of inflammatory gene expression. Furthermore, iron is speculated to be a key molecule in the progression of stellate cell activation and ECM gene expression. The control of iron homeostasis in the liver can be a therapeutic strategy for chronic liver disorder.
